ABSTRACT: Multiple sclerosis is a progressive neurological disorder that results in the degradation of myelin sheaths that insulate axons in the central nervous system. Therefore promotion of myelin repair is a major thrust of multiple sclerosis treatment research. Two mouse monoclonal natural autoantibodies, O1 and O4, promote myelin repair in several mouse models of multiple sclerosis. Natural autoantibodies are generally polyreactive and predominantly of the IgM isotype. The prevailing paradigm is that because they are polyreactive, these antibodies bind antigens with low affinities. Despite their wide use in neuroscience and glial cell research, however, the affinities and kinetic constants of O1 and O4 antibodies have not been measured to date. In this work, we developed a membrane biosensing platform based on surface plasmon resonance in gold nanohole arrays with a series of surface modification techniques to form myelin-mimicking lipid bilayer membranes to measure both the association and dissociation rate constants for O1 and O4 antibodies binding to their myelin lipid antigens. The ratio of rate constants shows that O1 and O4 bind to galactocerebroside and sulfated galactocerebroside, respectively, with unusually small apparent dissociation constants (K D ≈ 0.9 nM) for natural autoantibodies. This is approximately one to 2 orders of magnitude lower than typically observed for the highest affinity natural autoantibodies. We propose that the unusually high affinity of O1 and O4 to their targets in myelin contributes to the mechanism by which they signal oligodendrocytes and induce central nervous system repair.
M ultiple sclerosis (MS) is a neurologic disorder characterized by the loss of myelin sheaths in the central nervous system. Myelin loss impairs neuronal signal transduction and manifests itself in a number of symptoms including sensory and motor deficits.
1 Approximately 1 out of every 1000 Americans has MS, 2 but unfortunately, there is no cure. Treatment options generally decrease exacerbations but do not stop the long-term progression of the disease. Therefore, a major thrust in MS treatment research is to develop strategies to promote remyelination and protect vulnerable axons as a means to improve neurologic function. In earlier work, Rodriguez and co-workers showed that the IgM-isotype mouse monoclonal natural autoantibodies O1 and O4 promote remyelination in mouse models of MS. 3 Furthermore, O1 and O4 are widely used to define oligodendrocyte lineage and monitor oligodendrocyte differentiation. O4 binds to sulfated galactocerebroside (Sulf) expressed on progenitor glial cells beginning at the time of commitment to the oligodendrocyte lineage through terminal differentiation of the cell and mature myelin membrane formation. O1 recognizes the presence of galactocerebroside (GalC) which is inserted into the oligodendrocyte membrane after the appearance of Sulf signifying later stages of maturation. 4 Both O1 and O4 are polyreactive; O4 reacts with Sulf along with seminolipid and cholesterol, while O1 reacts with GalC as well as monogalactosyl-diglyceride and psychosine. 5 Asakura et al. showed that both O1 and O4 have very few mutations from germline gene sequences, which indicates that they are natural autoantibodies. 6 While these antibodies are useful in evaluating cell lineage and development, they also can initiate cell signaling and differentiation. When treated with O4, both astrocytes and oligodendrocytes display intracellular Ca 2+ transients resulting from Ca 2+ release from intracellular stores (astrocytes) or influx of extracellular Ca 2+ (oligodendrocytes). 7 Also, Bansal et al. showed that growing the cells in media containing O4 promoted oligodendrocyte differentiation whereas treating cultures with O1 did not. 8 A number of lipid cell-surface antigens can be shown to bind O1 and O4 antibodies, but despite their wide use as detailed above, little is known about the affinity of the interactions or the kinetics by which these antibodies interact with their primary antigens, Sulf and GalC. Indeed, quantifying antibody binding kinetics to lipid bilayers mimicking cellular membranes is a very challenging task that requires label-free biosensors that can incorporate fluid lipid bilayer membranes. Commercial surface plasmon resonance (SPR) instruments, such as Biacore, have been widely used to measure receptor−ligand binding kinetics using ligands that are covalently attached on functionalized gold sensing surfaces. 9, 10 However, adapting conventional SPR instruments for sensing with fluid lipid membranes presents a series of challenges. Functionalized gold surfaces used in commercial SPR instruments can incorporate membrane-bound receptors on captured liposomes, however the morphology of the captured lipid membranes is not precisely known and appears to be dominated by intact liposomes rather than a planar lipid bilayer. 11, 12 Moreover, the capture efficiency of liposomes can be modulated by their charge state, 12 making direct comparison between multiple liposome compositions more complex. Alternatively, lipidantibody binding kinetics can be measured using planar supported lipid bilayer (SLB) membranes, which can be readily integrated with surface-sensitive techniques, such as SPR. The majority of conventional SPR sensors utilize gold surfaces modified with self-assembled monolayers, whereas the formation of SLB is much easier on glass or silica surfaces. 13 As Dahlin et al. have shown, the formation of SLBs on gold surfaces can be considerably simplified by patterning nanoholes in the gold film to expose the underlying silica surface.
14 Thus we have employed the variant of SPR based on nanohole arrays in a gold film as the sensor chip and developed a new surface modification technique to conformally coat the entire sensor surface with an ultrathin silica (SiO 2 ) shell using atomic layer deposition (ALD) to facilitate the SLB formation without sacrificing the signal-to-noise ratios. This type of silica-based SPR chip functionalization is not available commercially. Furthermore, on the instrumentation side, the nanohole geometry facilitates simple optical measurements of molecular binding kinetics via recording changes in the transmission of light through nanoholes in a gold film, which is governed by a process known as extraordinary optical transmission (EOT). 15−17 When light strikes a periodic array of nanoholes in a metallic film, surface plasmons, which are surface electromagnetic waves propagating at the metal interface, are launched. In EOT, these surface plasmons funnel through the nanoholes and enhance optical transmission at characteristic wavelengths. The wavelengths at which peaks in the transmission spectrum occur are related to the periodicity of the nanoholes, the dielectric function of the metal film and the refractive index of the overlying media. In our case, the overlying media includes the silica shell and the SLB. Binding of analytes to ligands immobilized in the SLB over the sensing surface increases the local refractive index and shifts the characteristic transmission wavelengths, analogous to the angular shift monitored in conventional SPR instruments. The positions of peaks and minima in the transmission spectrum are measured continually in real-time for label-free measurements of binding kinetics. 18 While nanohole SPR sensors have been used for many proof-of-concept experiments, 14 ,19−23 they have not been used for quantitative measurements between therapeutic antibodies and fluid SLBs. In this work, SLBs containing Sulf and GalC were formed on the silica-coated gold nanohole array, and antibody binding kinetics to these lipids were quantified in a label-free manner. Furthermore, the lipid-containing sample is injected through disposable microfluidic channels to avoid clogging, which can be problematic in permanent fluidic systems in commercial SPR instruments. The use of optimized nanohole SPR instruments tailored for SLBs has led to a high signal-to-noise ratio of ∼800.
Current dogma states that natural IgM autoantibodies bind to targets with low affinity. The equilibrium−dissociation constants for natural IgM autoantibodies typically range from millimolar to 10 nM. 24−26 In this work, however, we show that O1 and O4 bind to Sulf and GalC with significantly greater affinity; that is, apparent dissociation constants in the sub-1 nM regime, which is at least an order of magnitude greater affinity than other natural autoantibodies. Furthermore, the nanohole SPR instrument can detect O4 binding to Sulf-containing lipid bilayers at concentrations as low as 310 pM. These high-affinity interactions may partially explain how therapeutic antibodies signal cells in culture and promote remyelination in vivo. In fact, we have shown that a natural IgM autoantibody derived from human serum with character similar to O4 and O1 can promote remyelination with a single 500-ng dose in a mouse model of MS. 27 The high affinity of this class of IgMs may facilitate targeting in vivo at very low local tissue concentrations. These observations contrast the observations that, in general, the low affinity and varied pharmacokinetics of IgMs make them poor drug candidates. 28 ■ EXPERIMENTAL SECTION Preparation of Antibodies. The mouse monoclonal IgMs O4 and O1 were purified from hybridoma supernatant using PEG precipitation. 29 The antibodies were further purified by gel filtration chromatography and the purity was verified by PAGE. Antibody concentration was determined using capture ELISA compared to commercial IgMs.
O1 and O4 Binding to Myelin by ELISA. Myelin was isolated from SJL/J mouse whole brain according to established procedures. 30 Myelin quality was determined by Western blotting for the presence of myelin associated glycoprotein, myelin oligodendrocyte glycoprotein, proteolipid protein, 2′, 3′-cyclic nucleotide 3′-phosphodiesterase, and myelin basic protein, via the binding of well characterized antimyelin lipid antibodies by direct ELISA. For antibody binding to myelin by ELISA, mouse myelin (10 μg/well diluted in PBS) was first dried overnight onto poly-D-lysine coated 96-well flat bottom plates (Nunc Immunosorp). Wells were washed twice with PBS and blocked for 2 h with 3% BSA/PBS, before antibodies diluted as indicated in 1% BSA/PBS were added and incubated overnight at 4°C. Following washing with PBS, bound mouse antibodies were detected using a goat antimouse μ-chainspecific alkaline phosphatase conjugated secondary antibody (Sigma) diluted in 1% BSA/PBS for 4 h followed by Sigma 104 phosphatase substrate (1 mg/mL) in Tris/Glycine buffer. Optical density was read at 405 nm (OD405) using a SpectraMax M2 micro plate reader (Molecular Devices, Sunnyvale, CA). Mean OD405 of triplicate values were calculated.
Immunocytochemistry Using O1 and O4 on Live Oligodendrocytes. Immunocytochemistry surface staining was performed in the cold as previously described on unpermeabilized unfixed cells using 10 μg/mL of primary antibody. 31 Briefly, mixed primary glial cells were prepared from Sprague−Dawley neonatal rats. Cells were plated at low density on poly-D-ornithine-coated glass coverslips (Fisher) and cells were grown for 14 days in DMEM 10% fetal calf serum. After blocking for 10 min with 5% BSA in HEPES buffered Earle's balanced salt solution antibodies at 10 μg/mL in 1% Analytical Chemistry BSA were added for 15 min. After washing and fixation for 10 min with 4% paraformaldehyde, bound primary antibodies were detected using fluorophore-conjugated goat antimouse μ-chain specific Fab'2 fragments (Jackson Immunoresearch). Coverslips were mounted in using Vectashield (Vector Laboratories) and viewed using an epi-fluorescence microscope.
Nanohole Array Fabrication. Standard microscope slides were cleaned by acetone, methanol, isopropyl alcohol, and water, and dried by a stream of nitrogen gas, then a 200 nmthick gold film with a 5 nm-thick Cr adhesion layer was deposited by evaporation. Then, a 30 nm-thick Al 2 O 3 masking layer was deposited on the gold-coated slides using ALD at 250°C
. After spin-coating a thermal nanoimprint resist (NXR-1025), a silicon imprint stamp (Lightsmyth) with a twodimensional array of circular posts with 210 nm in diameter, 350 nm in depth, and 500 nm in periodicity was imprinted onto the resist with a pressure of 300 psi for 2 min at 130°C. After partially removing residual resist with an oxygen dry etching, the Al 2 O 3 was patterned using a dry etcher. Then the underlying gold film was etched with the patterned Al 2 O 3 layer as a mask using an ion mill and the Al 2 O 3 layer was removed. After making the nanohole array, the gold surface was uniformly covered by an 11 nm-thick SiO 2 layer using ALD at 250°C. The deposition rate was about 12 Å per cycle.
Formation of Vesicles and Supported Lipid Bilayers. Vesicles were composed of egg phosphatidylcholine (Avanti Polar Lipids) and GalC and Sulf (Sigma-Aldrich). To render the vesicles fluorescent, 1,2-dimyristoyl-sn-glycero-3-phosphatidylethanolamine-N-(lissamine rhodamine sulfonyl) was included. To form the vesicles, we dissolved the appropriate relative amounts of lipids in chloroform. All lipid compositions were calculated as mole percent. The chloroform was evaporated under vacuum for at least 6 h to form a dry lipid film in a glass vial. The dry film was then rehydrated with Tris buffer (100 mM NaCl, 10 mM Tris, 1 mM EDTA) to a total lipid concentration of 2 mg/mL and allowed to rest overnight to form a vesicle suspension. Vesicles containing 6% Sulf and 16% GalC were rehydrated at 55°C. The next day, the suspension was vortex mixed then sonicated for 10 min in a bath sonicator at room temperature. The vesicle suspension was then extruded through polycarbonate filters with pore diameter of 200 nm with an Avanti Mini-Extruder. The vesicles were then diluted to 1 mg/mL in Tris buffer containing calcium (100 mM NaCl, 10 mM Tris, 10 mM CaCl 2 ). For FRAP studies, extruded vesicles were exposed to SiO 2 -coated gold nanohole arrays for 1 h, then vigorously rinsed with buffer to remove excess unruptured vesicles. The FRAP experiments were carried out with an Olympus FV1000 BX2 confocal microscope equipped with a 60× water immersion objective with NA = 0.90. The diffusion coefficients for lipids in the SLBs were calculated by fitting the normalized fluorescence recovery curves to a single exponential function. The time at which halfmaximum recovery occurred (t 1/2 ) was determined and used to determine the diffusion coefficient using the equation D = r 2 / 4t 1/2 , where r is the radius of the photobleached spot. At least 3 photobleached spots were used to calculate the average D values.
SPR Biosensing. For SPR kinetic experiments, a poly-(dimethylsiloxane) (PDMS) microfluidic flow-cell was assembled onto the silica-coated nanohole array chip. The microfluidic channels were 300 μm wide and 50 μm high. The assembled sensor chip was mounted on an upright microscope stage and illuminated with a tungsten-halogen light source. The optical transmission spectra were monitored with an Ocean Optics fiber-optic spectrometer and normalized to the spectrum of the light source. The flow of all solutions was controlled with a Harvard Apparatus syringe pump. After flowing a PBS solution through the microfluidic chip for 5 min, an extruded vesicle solution in Tris buffer containing calcium was injected and incubated for 1 h at a flow rate of 3 μL/min to form a SLB on the silica-coated nanohole sensor surface. The channel was then washed by PBS at 30 μL/min for 30 min to remove excessive vesicles and lipid overlayers. Then the surface was blocked by injecting a 1 mg/mL BSA solution at 30 μL/ min for 30 min followed by PBS washing for another 30 min. For kinetic measurement, baseline transmission spectra were measured with PBS at 30 μL/min for 3 min, and then an association curve was measured by flowing an antibody solution at 30 μL/min for 5 min. The injection flow rate was tuned to minimize mass transport limitations. After 5 min, PBS was injected for 15 min to measure a dissociation curve. Between each kinetic measurement, the surface was regenerated by dissociating all antibodies bound on the SLB. This was done by flowing a 2.7 M MgCl 2 solution at 30 μL/min for 20 s, followed by PBS washing for 3 min. Instrumental noise was measured by calculating the standard deviation of the peak position when PBS was flowing through the microfluidic chip with a SLB on the sensing surface.
■ RESULTS AND DISCUSSION O1 and O4 Binding to Oligodendrocytes and Myelin. The monoclonal autoantibodies O1 and O4 bind to oligodendrocytes in vitro in a developmentally dependent manner.
4 Figure 1a shows a scheme illustrating the stages of oligodendrocyte development as well as which antibodies bind to the cell surface during each developmental stage. When the cells are in immature, proliferative stages O4 will bind, as will A2B5, an antibody that binds several complex gangliosides present on early oligodendrocytes. 32 As the oligodendrocytes mature, they insert more Sulf into their plasma membrane and, thus, strongly bind O4. At the preoligodendrocyte stage, the cells do not express GalC or other lipids associated with O1 binding, as such O1 will not bind. When the oligodendrocytes begin the process of myelinogenesis, they express Sulf and GalC, as well as myelin basic protein (MBP) and myelin oligodendrocyte glycoprotein (MOG). Therefore, antibodies O1 and O4 will bind to the cell surface as will antibodies directed toward MBP and MOG. Figure 1b shows an immature oligodendrocyte that strongly binds O4, while Figure 1c shows a mature oligodendrocyte that strongly binds O1. Compared to the cell in Figure 1b , it is clear that the cell in Figure 1c has more fully developed processes and larger soma associated with oligodendrocyte maturity.
We also examined how O1 and O4 bind to myelin extracted from mouse brain. Figure 1d shows results from ELISA where varying concentrations of O1, O4 and an isotype control IgM (MMEN-OE5 antibacterial lipopolysaccharide IgM κ) were exposed to myelin. Assuming a molecular weight for an IgM pentamer of 900 kDa, 33 the mass concentration range shown in Figure 1d corresponds to molar concentrations ranging from 69 pM to 71 nM. At the low end of the concentration scale, there is little difference in optical density between O1, O4 and control samples. However, as the concentrations of antibodies increase, O1 and O4 bind myelin in a concentration-dependent fashion. At ∼0.4 μg/mL (0.44 nM), O1 and O4 binding is clearly greater than the control. Furthermore, as the Analytical Chemistry Myelin is a complex mixture of lipids and proteins; about 70% and 30% of the dry weight respectively, 34 whereas most other cell membranes are roughly 50% lipid and 50% protein.
Combined Sulf and GalC make up over 20% of the lipid weight of myelin. 35 Because oligodendrocyte membranes and myelin are complex mixtures of lipids and proteins, we used myelinmimicking SLBs on a nanohole SPR sensor to quantify the specific interactions between O1/GalC and O4/Sulf.
Supported Lipid Bilayers on Nanohole Arrays. Periodic nanohole arrays with 200 nm hole diameter and 500 nm periodicity were made in a cm 2 area of a gold film by nanoimprint lithography. After fabrication, a thin conformal layer (∼11 nm) of SiO 2 was deposited on the nanohole array by ALD. Figure 2a shows a schematic of the fabrication process, while Figure 2b shows a scanning electron micrograph (SEM) of a nanohole array in a gold film. The size of patterned area is scalable, similar to the nanoimprint stamp. Nanoimprint lithography patterned the nanoholes over a large area ( Figure  2b inset) to allow integration with a multichannel microfluidic flow cell.
SLBs have been employed widely for studying membrane biochemistry and biophysics. 36−38 SLBs were formed by spontaneous rupture of phospholipid vesicles on SiO 2 , which promotes the rupture of phospholipid vesicles by a well characterized mechanism. 39, 40 The vesicles used consisted of egg phosphatidylcholine (egg PC) and 2% GalC or 2% Sulf. When necessary, 1% of a fluorescent lipid, 1,2-dimyristoyl-snglycero-3-phosphatidylethanolamine-N-(lissamine rhodamine sulfonyl) (Rho-PE), was included for imaging. Figure 2c shows a schematic of a SLB on a nanohole array.
The formation of SLBs on nanohole arrays was confirmed by fluorescence recovery after photobleaching (FRAP). 41 For FRAP, small circular areas of the SLBs were photobleached, and the recovery of fluorescence in the photobleached area was monitored as a function of time to generate recovery curves. Figures 3a shows four frames from a photobleached SLB on a nanohole array. Figure 3b shows representative recovery curves obtained from FRAP experiments on SLBs with 2% GalC, 2% Sulf and a control SLB free of GalC or Sulf. The recovery curves show that the lipid mixtures do indeed form continuous fluid SLBs on SiO 2 -coated nanohole arrays. The diffusion coefficients (D) for lipids in the SLBs containing Sulf and GalC SLBs were not significantly different from the Egg PC control, as determined by unpaired t test. The D for the control was calculated to be 1.84 ± 0.14 μm 2 /s, while for the 2% Sulf SLB, D = 1.60 ± 0.14 μm 2 /s, and for the 2% GalC SLB, D = 1.95 ± 0.16 μm 2 /s (mean ± standard deviation). The D values observed here are somewhat higher than those obtained for SLBs on random nanohole arrays in SiO 2 -coated gold, 22 but lower than those observed on nonporous flat SiO 2 . 42 The maximum fluorescence recovery for the SLBs on nanohole arrays is 75−80%, which suggests an immobile lipid fraction and/or unruptured vesicles on the surface. Because the SLBs conform to the nanohole topography, 43 there may be pinning of lipids at tightly curved surfaces at the rim of the nanoholes, around the interior of the nanohole surface and around the base of the nanohole, which hinders diffusion and leads to an apparent immobile fraction.
SPR Sensing of O1 and O4 Binding to SLBs. For SPR sensing a poly(dimethylsiloxane) (PDMS) microfluidic chip prepared by soft lithography 44 was attached to the nanohole SPR sensor. Figure 4a shows transmission spectra for a SiO 2 -coated gold nanohole array with hole diameter of 200 nm and periodicity of 500 nm, the same nanohole array after formation of a SLB containing 2% Sulf and after O4 binds to Sulf in the SLB. When the SLB is formed over the nanohole array the optical transmission spectrum shifts toward longer wavelengths by approximately 2 nm. This shift was consistent between different channels on the chip and from experiment to experiment, which confirmed that the SLBs formed on the nanohole arrays without fluorescence imaging. Yang and Cremer previously showed that SLBs will readily form in microfluidic channels. 45 The injection of 44 nM O4 red-shifts the spectrum by 0.8 nm. While the magnitudes of the shifts seem small, the standard deviation of the noise in our instrument is extremely small, typically in the range of 10
nm, which means that the limit of detection (defined as a signal-to-noise (S/N) ratio of 3) is a shift of 0.003 nm and the S/N for a 0.8 nm spectral shift is on the order 800.
In nanohole-based SPR sensors, kinetic sensorgrams can be recorded by tracking either the transmission maximum (peak) or minimum (dip) in real time. 46 In our system, binding kinetics extracted from the transmission minimum showed a slightly better signal-to-noise ratio, thus we tracked the position of the local minimum in the EOT spectrum around 700 nm (Figure 4a ) as a function of time. Figure 4b shows a sensorgram encompassing an entire experiment from SLB formation to multiple antibody injections and surface regeneration. The course of the experiment was as follows. A SLB containing Sulf was formed on the nanohole sensor, resulting in a spectral shift of approximately 2 nm after washing excess vesicles from the sensor. Then the SLB was blocked with BSA to minimize nonspecific adsorption. Following blocking, 50 nM O1 was injected, and no significant shift was observed, indicating that O1 does not bind to a Sulf-containing egg PC membrane, consistent with previous reports. 5 After O1, 44 nM O4 was injected and the spectrum appreciably red-shifts to a maximum of about 0.8 nm. After O4 association, the injection solution was switched to antibody-free phosphate buffered saline (PBS) to monitor O4 dissociation. After O4 dissociation, the remaining O4 was removed from the surface with a high ionic strength regeneration solution containing 2.7 M MgCl 2 .
47
The large fluctuations in position seen in the sensorgram during this step are due to the vastly different refractive index of the regeneration solution. After the regeneration wash, the peak position nearly returned to the preinjection position, indicating that the regeneration wash removed the bound O4, but did not disrupt the SLB on the nanohole sensor. After regenerating the surface, repeated injections of 50 nM O1 and 44 nM O4 confirm that the SLB is intact and that serial measurements could be carried out on our nanohole-SLB platform. Figure 5a and 5b show binding kinetic curves for multiple concentrations of O4 and O1 binding to SLBs containing 2% Sulf and 2% GalC, respectively. The curves in Figure 5a and 5b show that the spectral shift increases with increasing concentrations of antibody injected, as expected. After injection of the antibodies, the injection solution was switched to antibody-free PBS. Upon switching the injection solution, the antibodies dissociate from the SLB surface, and spectral shift decay is observed. The association and dissociation curves were fit to exponential functions to determine the association and dissociation rate constants (k on and k off ). 48 The k on and k off rate constants for O1 binding to GalC were (6.98 ± 4.92) × 10 We conducted a number of negative control experiments to confirm that the binding of antibodies was due to specific interactions. (Figure 5c ) With both 20 nM and 50 nM O1 and O4, no binding was observed to SLBs composed solely of Egg PC. Also, when a nanohole array without a SLB was exposed to 1 mg/mL BSA, similar to the blocking step mentioned above, and then 20 nM O1 or O4 were injected, no spectrum shifts were observed. This indicates that neither O1 nor O4 nonspecifically adsorb to the egg PC matrix of the SLB or the BSA used for blocking.
Sulf and GalC make up 6 and 16 mol % of the myelin lipid composition, respectively. 53 To better mimic the lipid composition of myelin, a SLB was formed on the nanohole sensor containing 6% Sulf and 16% GalC in a matrix of egg PC. With this SLB on the sensor, lower concentrations of O4 were injected to approach the detection limit for this system. We injected 1.25 nM and 310 pM O4 and both concentrations were readily detectable. (Figure 5d) Table 1 are all IgM natural autoantibodies, and the K D values determined in previous studies range from 100 μM to 40 nM. The smallest K D value is almost 20-fold larger than the values determined in this study. In the previous examples the K D values were determined by SPR or equilibrium assays, such as ELISA. However, because traditional equilibrium assays only offer a static snapshot of the situation at equilibrium, they cannot determine the rate constants k on and k off . Furthermore, the dissociation constant can be calculated from the ratio of the dissociation and association rate constants. Thus, it is possible for two given antibody−antigen interactions to have the same K D value, but drastically different k on and k off values. For any type of potential therapeutic molecule, including remyelinating IgMs, the k off can be a more powerful predictor of potential efficacy than K D . 54 Regardless of this fact, in vitro measurements of K D have become acceptable stand-ins for in vivo efficacy in the drug discovery process. 55 There are examples, however, where K D and efficacy are well correlated. 56 Because drugs are only effective when bound to their receptor, the residence time of a drug at its receptor is a better measure of drug-receptor interactions than the affinity. Residence time is inversely proportional to k off and correlates better with in vivo efficacy and duration of action than does K D . 54 Therefore, kineticsensing schemes that determine rate constants are preferable when investigating potential therapeutic molecules.
Affinity versus Avidity. IgM antibodies can bind antigens with high avidity because a single IgM is capable of binding 10 antigens. Therefore it is likely that many of the binding events on our SPR sensors are polyvalent. When an antibody encounters the SLB surface, only one antibody/antigen binding event is required for association and a measured shift in the SPR signal. Subsequent binding events for a single antibody do not contribute to major shifts in the SPR signal because the antibody has already associated with the SLB. On the flip side, for an IgM to completely dissociate from the sensor surface, all of the antibody/antigen interactions must dissociate. Thus, the increased binding avidity of IgMs could contribute to the relatively low apparent K D values observed in this study. We are primarily concerned with comparing O1 and O4 to other IgM natural autoantibodies, which also can display high binding avidity. A particularly apt comparison is to look at k on and k off rate constants for other IgM natural autoantibodies studied by SPR and compare those to the rate constants obtained for O4/ Sulf and O1/GalC binding using myelin-mimicking lipid membranes. For example, the F5-2 natural autoantibody studied by Diaw et al. had k on rate constants that were between 9 and 42-times slower (depending on antigen) than those measured for O4/Sulf and O1/GalC. 49 (Table 1) The k off rate contants for F5-2 were a maximum of 3-times faster than that observed for O4/Sulf and O1/GalC binding. Because K D is a ratio of these rate constants, the lower K D values observed in our study are largely due to the increased k on of O4 binding to Sulf and O1 binding to GalC. This suggests that the initial recognition process that leads to antibody association, that is, the affinity between a single antibody binding site and an antigen, is the primary cause of the smaller apparent K D (higher apparent affinity) of O1 and O4 antibodies, rather than increased avidity of O1 and O4 for GalC and Sulf, respectively. An alternative, though unlikely, explanation for the increased k on rates is that the sensor nanohole architecture, to which the SLB with antigens conforms, may artificially increase association rates or slow dissociation rates by making lipid antigens more available for initial binding or multivalent binding due to the curvature of the SLB. However, because the nanoholes themselves comprise only 12.5% of the sensor area, this is unlikely to have a pronounced effect.
■ CONCLUSION
The present experiments have great significance in defining the mechanism of action by which mouse and human monoclonal antibodies promote remyelination. 57 The human antibodies that promote remyelination have also been found to be of the IgM subclass and have the characteristic features of natural autoantibodies. No human IgG antibodies that promote tissue repair in vivo have been identified. Efforts to convert the IgMs to an IgG form, either by spontaneous mutation or by molecular construction, have resulted in the absence of Ca 2+ responses in cultured glial cells but, most importantly, an absence of in vivo remyelinating activity. 58 Therefore, the highaffinity, high-avidity pentameric structure is essential for the therapeutic response of those antibodies. Traditionally, IgM antibodies, specifically natural autoantibodies, have been considered to have low affinity binding. 24−26 The fact that our present experiments show the opposite result, that is, small apparent K D values, may explain why these antibodies have therapeutic efficacy in vivo. In vivo experiments using magnetic resonance imaging show human natural autoantibodies cross the blood brain barrier and indicate that if the antibody has a clear target to bind within the central nervous system (CNS), then the therapeutic antibody can be detected for long as one week in the CNS. 59 Similar results have been obtained with 35 Slabeled antibodies using EM autoradiography. 60 The fact that O1 and O4, despite being IgMs, bind tightly to their antigens is further confirmation of their strong affinity and being IgMs they have high avidity for the myelin target. On the technology side, the combination of nanohole SPR sensor chip with biomimetic SLBs shows great promise for studying these important lipid-antibody reactions in a quantitative manner to reveal not only equilibrium constants but also on−off rates that can help understand the mechanisms of molecular recognition as well as stability of binding. Finally, as human natural autoantibodies begin entering clinical trial, these results may help to determine the dosing schedule for optimum therapeutic efficacy.
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